Active transport of exogenous sulfate into log phase cells of Porphyridium aerueineum followed Michaelis-Menten kinetics, and the apparent Km for sulfate transport is approximately 2.5 X 1O-' M. Molybdate, also a group VI anion, is a competitive inhibitor of sulfate transport, and the inhibition is freely re- Cells were grown at 25 C, bubbled with a sterilized air-5% CO2 mixture, and continuously illuminated at 4000 ergs/ cm' sec with cool white fluorescent tubes. Cell concentration in liquid cultures was determined by hemocytometer count.
5'-phosphosulfate, the activated donor for sulfate transfer reactions. Combined with the previous identification of adenosine 3'-phosphate 5'-phosphosulfate, this is taken as evidence that the adenosine 5'-phosphosulfate/adenosine 3'-phosphate 5'-phosphosulfate enzymatic sequence for sulfate activation and sulfate donor reactions is operating in Porphyridium. Thio- sulfate is utilized as effectively as sulfate as both a sulfur source for growth and polysaccharide synthesis.
The unicellular red alga Porphyridiumi aerugineum secretes a gel-state polysaccharide to its surface to form the morphological equivalent of a capsule. The polysaccharide is rich in sulfate and is rapidly labeled when cells are placed in the presence of 35SO42- (3) . The activated sulfate donor PAPS2 has been tentatively identified in Porphyridiuim cells (4) , suggesting that the two-step reaction mechanism catalyzed by ATP-sulfurylase and APS-kinase to produce PAPS (see 5 for review) is operating in Porphyridium.
Sulfate is a group VI anion; this group also includes sulfite, chromate, tungstate, selenate, and molybdate. Wilson 
MATERIALS AND METHODS
The materials and methods used for this study are presented in detail elsewhere (4) , therefore only a summary is given here.
A sulfate-free liquid medium (Table I) was prepared by substituting chloride salts of cations for sulfate salts found in MCYII medium (3) . The chloride substitutions did not alter the growth rate of the cells when an equivalent amount of sulfate was added. Sulfate, thiosulfate, molybdate, and bicarbonate were added as sodium salts.
Cells were grown at 25 C, bubbled with a sterilized air-5% CO2 mixture, and continuously illuminated at 4000 ergs/ cm' sec with cool white fluorescent tubes. Cell concentration in liquid cultures was determined by hemocytometer count.
Log phase cells grown on sulfate-free medium were used for transport experiments. After washing, they were suspended at low concentrations (1-2 x 105 cells/ml) in isotope-containing medium. Measured aliquots of cells were trapped on SCWP Millipore filters under suction, washed with basal medium containing 0.4 mm sulfate, and radiosulfur was assayed by placing air-dried filters directly into scintillation fluid.
Extracellular sulfated polysaccharide was isolated from cellfree medium by precipitation in the presence of the cationic detergent CPC, then caught on an HAWP Millipore filter.
Cells were broken by a single freeze-thaw cycle using liquid nitrogen for quick freezing, then pelleted by centrifugation at 48,000g for 10 min. The supernatant was passed through an ion retardation resin (Bio Rad AG 11 8A) which bound the free sulfate. The sulfate, representing the intracellular sulfate pool, was eluted from the resin with 1 N NaCl.
The cell-associated sulfated polysaccharide was isolated by the following procedure (4) : the water-soluble fraction passed by the ion retardation resin was deproteinized by protease digestion followed by heat, centrifuged, CPC was added to 0.01 % w/v to the supernatant, and the precipitate was caught on a filter by suction.
Radioactivity was assayed by liquid scintillation spectrometry using Aquasol (New England Nuclear) fluor in glass vials.
RESULTS
Sulfate Transport. Transport of exogenous sulfate into log phase cells was linear with time ( Fig. 1) , and the rate of transport as a function of exogenous sulfate concentration followed the Michaelis-Menten equation (Fig. 2A) . The transport rate reaches a maximum (Vmax) at 10 tM sulfate. The mathematical (Fig. 4) , therefore the sulfate carrier systems are not damaged by exposure to molybdate.
The long term effect of high molybdate concentrations on the sulfate reduction pathway was monitored by measuring phycocyanin (A620) released by cells into water after a single freeze-thaw cycle. Log phase cells were grown in the absence of sulfate and in the presence of 4 mm molybdate for 22 hr, during which time phycocyanin levels on a per cell basis did not change (Table II) . Sulfate is activated before entering the reduction pathway to cysteine and methionine synthesis (5). (Fig. 5) , indicating competitive inhibition.
Molybdate Inhibition of Sulfate Transfer. Cells were treated for 2 hr in sulfate-free medium containing 4 mm molybdate, while the control cells were exposed to sulfate-free medium only. Both batches of cells were washed extensively at 4 C in sulfate-free medium to remove traces of molybdate, pulsed for 5 min with 0.2 mCi 'SO42 (specific radioactivity 865 mCi/ mmole), then washed in cold medium to remove untransported isotope. It has been demonstrated that cold (4 C) washes stop metabolism in Porphyridium cells (3). The pulse was followed by a chase period of 8 hr, during which time 3S levels were monitored in three water-soluble cell fractions, the intracellular sulfate pool, CP, and EP. The chase took place in sulfate-free medium (control) or in sulfate-free medium containing 4 In these experiments, cells were pulsed and chased during steady state log phase metabolism over short periods of time. Here, total quantities of S-containing compounds in the cell were not expected to change, therefore the radioactivity in any fraction was assumed to be proportional to the specific radioactivity.
The rate at which radioactivity disappeared from the sulfate pool of molybdate-treated cells was less than from control cells (Fig. 6) , and after 8 hr more activity remained in the sulfate pool of molybdate-treated cells than in control cells. In neither case was there isotope dilution by transported carrier sulfate because, with the exception of the high specific activity pulse, cells had not been exposed to carrier sulfate for 48 hr. Little radioactivity appeared in the CP fraction of molybdate-treated cells, while there was a surge of activity into the CP fraction of control cells (Fig. 6) . Further, the initial specific radioactivity of the CP in control cells was much higher than in molybdatetreated cells, showing that there had been considerable labeling of that fraction in control cells during the pulse which was almost totally blocked in the molybdate-treated cells. Log phase cells were taken from sulfate-free medium. Control cells were placed in sulfate-free medium for 2 hr, whereas treated cells were placed in sulfate-free medium plus 0.4 mm molybdate for 2 hr. Both batches were then washed in sulfate-free medium, pulsed 5 min in radiosulfate, washed at 4 C in sulfate-free (control) or molybdate medium (treated), then placed in sulfate-free or molybdate medium. Upon sampling, cells were broken by a single freeze-thaw cycle and centrifuged; pool, CP and EP fractions were isolated from the supernatant. Radioactivity in each fraction was normalized as percent total radioactivity found in free-sulfate pool at the beginning of the chase period. Control (@-*); molybdate-treated (O-0). the cell to the EP fraction, the rate of labeling was depressed in molybdate-treated cells when compared to the control (Fig. 6) .
Thiosulfate Substitution for Sulfate. Ramus and Groves (4) showed that Porphyridium aerugineumni will transport neither methionine nor ascorbic acid sulfate across its cell membrane, both organic sources of sulfur. It was demonstrated here that molybdate, a group VI anion as sulfate, is transported by the sulfate carrier system. Molybdate, of course, will not support growth in these cells. The quiestion then arises as to whether sources of inorganic sulfur other than group VI anions (sulfate and sulfite) will support growth.
Cells were inoculated at very low densities into basal medium containing no sulfate, 10 juM sulfate (10 4M S), or 5 ,uM thiosulfate (10 MuM S), then cell concentration (growth) was monitored. Some growth occurred in sulfate-free medium before cells began to lyse, presumably because sufficient sulfur existed in internal pools to carry cells through several division cycles (Fig. 7) . Thiosulfate supported growth as well as did sulfate, indicating that it too is transported into the cell.
The effect of thiosulfate on EP production rather than sulfation was tested. Measuring relative EP production rates as CPC-precipitable radiosulfur appearing in the medium in the presence of sulfate compared to thiosulfate could be misleading, therefore H"4CO3-was used instead. Thiosulfate utilized as a sulfur source has no effect on the ability of Porphyridium to produce polysaccharide (Fig. 8) 
